Resistance to oseltamivir, the most widely used influenza antiviral drug, spread to fixation in seasonal influenza A(H1N1) between 2006 and 2009. This sudden rise in resistance seemed puzzling given the low overall level of the oseltamivir usage and the lack of a correlation between local rates of resistance and oseltamivir usage. We used a stochastic simulation model and deterministic approximations to examine how such events can occur, and in particular to determine how the rate of fixation of the resistant strain depends both on its fitness in untreated hosts as well as the frequency of antiviral treatment. We found that, for the levels of antiviral usage in the population, the resistant strain will eventually spread to fixation, if it is not attenuated in transmissibility relative to the drugsensitive strain, but not at the speed observed in seasonal H1N1. The extreme speed with which the resistance spread in seasonal H1N1 suggests that the resistant strain had a transmission advantage in untreated hosts, and this could have arisen from genetic hitchhiking, or from the mutations responsible for resistance and compensation. Importantly, our model also shows that resistant virus will fail to spread if it is even slightly less transmissible than its sensitive counterpart-a finding of relevance given that resistant pandemic influenza (H1N1) 2009 may currently suffer from a small, but nonetheless experimentally perceptible reduction in transmissibility.
INTRODUCTION
Antiviral drugs are a major component of strategies for mitigating pandemic strains of influenza for which vaccines are not immediately available [1, 2] . In addition, antiviral drugs are used for treatment and prophylaxis of both highly pathogenic influenza (e.g. avian influenza A (H5N1)) and seasonal influenza, particularly for those in high-risk groups. The most widely used antiviral drug is the neuraminidase-inhibitor oseltamivir (Tamiflu) [3] . Amino acid mutations have been identified that confer oseltamivir resistance on neuraminidases of both the N1 and N2 subtypes [4, 5] . It had been believed that none of these mutations were likely to be of clinical significance, since studies showed that they attenuated viral transmission or replication in H3N2 strains [6 -8] and seasonal H1N1 strains from 1999 and earlier [9 -11] . However, one of these mutations (H274Y) went to fixation in seasonal H1N1 in a span of just a few years between 2006 and 2009 [12, 13] . This rapid spread of resistance was enabled by the fact that by 2007, the H274Y mutation no longer caused detectable attenuation [14] [15] [16] , owing at least in part to the acquisition of secondary mutations that remedied the defect in neuraminidase surface expression caused by H274Y [17] . However, the speed with which oseltamivir resistance spread remains puzzling, because global oseltamivir usage was low, and there was no significant correlation between a country's oseltamivir usage and the prevalence of resistance [12, 18] .
To test various hypotheses about the rapid global spread of seasonal H1N1 influenza, we developed stochastic models of the global transmission of influenza (figure 1). In these models, oseltamivir-sensitive and resistant influenza can infect people in 321 cities connected by air travel (figure 1a). A fraction of simulated infected individuals were treated with oseltamivir. We used the models to test how oseltamivirresistant strains would spread under a variety of assumptions about their transmissibility relative to their oseltamivir-sensitive counterparts.
STOCHASTIC MODEL OF INFLUENZA TRANSMISSION
We developed a stochastic model of the global transmission of influenza, described in more detail in the electronic supplementary material, with parameters summarized in electronic supplementary material, table S1. The model includes the populations of 321 cities around the world. Individuals can be susceptible, infected or (temporarily) recovered. Infected individuals are infectious for six days with no latency period. Infectious individuals can transmit to susceptible people in the same city or travel to other cities where they can infect others. After six days of infection (electronic supplementary material, figure S1), Fixation of drug-resistant influenza D. L. Chao et al. 649 individuals recover and are completely immune for three months, after which they become fully susceptible again. Although the duration of immunity is longer in reality, three months is sufficient to ensure that an individual is unlikely to become infected more than once in a single outbreak.
Transmissibility follows an annual cycle in each city, with periods of higher transmissibility (R 0 ¼ 1.1) representing the influenza season and periods of low transmissibility (R 0 ¼ 0.8) representing the rest of the year [19] . Generally, the temperate Northern and Southern Hemispheres have influenza seasons during their respective winters, and the tropical regions often have influenza seasons that coincide with their rainy seasons and have higher transmissibility out of season than the temperate regions (figure 1b). To account for the higher out-of-season transmissibility in the tropics, the transmissibility was set to values higher than R 0 ¼ 0.8 during the low season in tropical cities as described in Kenah et al. [19] .
In order to isolate the effects of oseltamivir use on the spread of resistance in our model, we model two different kinds of mutations and run simulations in which one or both of these types can occur. One mutation (which we refer to with the subscript M) is an arbitrary mutation that alters the transmissibility of the virus, but not its sensitivity to oseltamivir. The other mutation (which we refer to with the subscript R) is a mutation that specifically confers oseltamivir resistance. In principle, there may be many M mutations that alter transmissibility, such as by causing antigenic changes that help the virus evade pre-existing immunity. However, there are insufficient data to pinpoint exactly which mutations altered viral transmissibility of seasonal H1N1 in the time frame we are studying. On the other hand, for seasonal H1N1, there is only one R mutation that alters drug resistance, the H274Y substitution. We allow our model to account for both types of mutations because, as we will discuss below, both may have played a role in the spread of oseltamivir resistance.
In a simple strain competition model that does not include antiviral drug use, there is an original strain and a mutant strain, which has a fitness cost of c M that makes it (12c M ) times as transmissible (figure 1c). When c M is negative, the mutant has a transmission advantage. Transitions from the original to mutant strain arise owing to mutations with probability m ¼ 10 26 per day in infected people, and reversion from the mutant strain to original occurs at the same rate. Note that m corresponds to the combined probability that a new mutant strain arises within a host and becomes the strain transmitted by that host. In the model with antiviral drug use, infected individuals can take oseltamivir. As shown in figure 1d, oseltamivir usage reduces by 63 per cent the probability that an individual becomes infected with the drug-sensitive strain, and makes them 15 per cent less-infectious should they become infected with that strain, which reduces transmissibility (figure 1d). These numbers are based on estimates from clinical data [20] . The fraction of infected people treated in various countries is calculated from prescription data (electronic supplementary material, table S2). In untreated individuals, resistance appears spontaneously with probability m ¼ 10 26 per day and is lost at the same rate. In infected individuals undergoing oseltamivir treatment, resistance appears with probability m T ¼ 0.04 per day (see the electronic supplementary material). We assume that the oseltamivir usage has no effect on transmission of the resistant strain. The resistant strain has a fitness cost of c R relative to sensitive, corresponding to a change in transmission by a factor of 12c R . We also ran simulations in which both kinds of mutations (i.e. the M and R mutations) were allowed, so there were four strains of influenza corresponding to the possible combinations of these two mutations (electronic supplementary material).
We fit our models to the estimated global prevalence of the H274Y mutation, as described in §4 of the electronic supplementary material, figure S2.
OSELTAMIVIR USAGE ALONE CANNOT EXPLAIN THE SPEED AT WHICH RESISTANCE WENT TO FIXATION IN SEASONAL H1N1
We used the models to examine how the usage of oseltamivir to treat influenza cases could increase the prevalence of drug-resistant influenza. We assumed that a drug-resistant strain would have a slight fitness cost in untreated hosts (lower transmission), but its transmissibility would not be further reduced in individuals taking the drug. When resistant strains are as little as 1 per cent less transmissible, they fail to spread appreciably (figure 2a). This finding concurs with the observed lack of resistant seasonal H1N1 strains prior to 2006, as experimental studies [10, 11] have shown that resistant strains from 1991 and 1999 were severely attenuated. Experimental studies have failed to detect any difference in fitness between oseltamivir-resistant strains from 2007 and later and their contemporaneous oseltamivir-sensitive counterparts [14, 15] . When the resistant strain is exactly as transmissible as the drugsensitive strain, oseltamivir usage is sufficient to drive a slow increase in the prevalence of resistant viruses (figure 2a). This result still holds when we assume that the efficacy of oseltamivir is extremely high (electronic supplementary material, figure S8 ). However, oseltamivir resistance was observed to increase extremely rapidly in seasonal H1N1 between 2006 and 2008, which is not compatible with the slow spread of resistance observed in the model.
Although some countries regularly used oseltamivir to treat influenza cases (electronic supplementary material, table S2), the worldwide average use of the drug was low. In a sensitivity analysis, we found that if the drug-resistant strain is not more transmissible than the sensitive strain, then about 30 per cent of all cases worldwide would need to take the drug in order to drive resistance to fixation as rapidly as observed (electronic supplementary material, figure S6 ). In our model, which over-represents the wealthier countries because of its focus on air travel, the fraction of cases that used oseltamivir was about 3 per cent. Therefore, we conclude that the oseltamivir use was at least an order of magnitude too low to select resistance as quickly as observed.
OSELTAMIVIR-RESISTANT SEASONAL H1N1 MUST HAVE BEEN MORE TRANSMISSIBLE THAN THE SENSITIVE STRAINS
One hypothesis that could explain the rapid spread of antiviral resistance is that the mutation that confers resistance also makes the virus slightly more transmissible in untreated hosts. Several authors have conjectured that H274Y might have slightly improved viral fitness, either by fine-tuning neuraminidase substrate affinity [16, 21] or by improving haemagglutinin/neuraminidase balance [22, 23] . In the model, enhanced transmissibility predictably speeds the fixation of the resistant strain, and a maximum-likelihood analysis indicates that the observed rise in resistance is best matched if the resistant strain is 1.7 per cent more transmissible (c R ¼ 20.017, 95% CI ¼ 20.019, 2 0.016) than the sensitive strain (figure 2a). The prophylactic use of the drug had no significant effect on the results (electronic supplementary material, figure S5 ). We found that higher treatmentinduced mutation rates (m T ) did not significantly affect the results, while higher background mutation rates (m) produced results inconsistent with observations (electronic supplementary material, figure S7 ).
To test the robustness of the estimate of c R with respect to the choice of modelling approach, we constructed a simpler and deterministic alternative model of strain replacement (described in the electronic supplementary material). Briefly, we assume a drug-sensitive and a drug-resistant strains are transmitted in a single, infinite population, a fraction of which is treated with the drug when infected. Consistent with the stochastic model, we found that for drug resistance to reach 50 per cent prevalence among circulating strains in a time span of about 1-2 years requires the resistant strain to be 1-2% more transmissible, and results are similar when up to 5 per cent of infected individuals are treated (figures 2b and electronic supplementary material, S4). Thus, the speed at which fixation occurs, once resistance is established, does not depend on stochastic effects, influenza seasonality or air travel. However, as described below, a stochastic and spatial model is needed to describe regional observations of antiviral resistance. Using the deterministic model, we found that the speed of fixation is more sensitive to the cost of resistance than to the fraction of cases treated ( figure 2b ).
An alternative hypothesis is that antiviral resistance does not make the virus inherently more transmissible, but rather that the resistance mutation 'hitchhiked' on another advantageous mutation. Such hitchhiking is thought to have explained the spread of adamantane resistance in seasonal H3N2 [24] . A number of authors have suggested that H274Y might have similarly hitchhiked on a haemagglutinin antigenic drift mutation [12, 15, 23, 25] . Therefore, the use of oseltamivir may have had a negligible effect on the spread of resistance. To test this hypothesis, we used a model in which there is no antiviral agent use, and a new, more transmissible strain can arise through mutation (figure 1c). The new strain goes to fixation as quickly as did the oseltamivir resistance in seasonal H1N1, when it is 2.4 per cent more transmissible than the original strain (c M ¼ 20.024, 95% CI ¼ 20.028, 2 0.014; figures 2c electronic supplementary material, figure S3b).
There are several possible hitchhiking scenarios involving H274Y and a second mutation conferring increased transmissibility. One of these two mutations could have stochastically occurred in the background of the other, leading to a virus that possessed both resistance and increased transmissibility (figure 2d). In most simulations with a model that includes both a resistance mutation that does not alter transmissibility in untreated hosts (c R ¼ 0) and a mutation that increases transmissibility in all hosts (c M ¼ 20.024), an antiviral sensitive strain with the transmissibility mutation quickly goes to fixation, then resistance slowly spreads in this background. But when the mutations stochastically co-occur early enough, resistance spreads at speeds comparable to that observed in seasonal H1N1. A second scenario is that reassortment may have combined independent occurrences of the two mutations. This could only have been the case if the two mutations occurred on different viral gene segments, since intra-segment reassortment in influenza is thought to be extremely rare [26] . A final scenario is that selection for improved haemagglutinin/neuraminidase balance [22, 23] specifically favoured the combination of H274Y and a mutation near the haemagglutinin receptor-binding pocket that altered antigenicity, thereby improving transmissibility. This scenario is similar to the case shown in figure 2a in which the resistant strain is more transmissible, and would obviously lead to rapid fixation of resistance.
LITTLE CORRELATION BETWEEN OSELTAMIVIR USAGE AND RESISTANCE
One of the most puzzling aspects of the appearance of oseltamivir resistance in seasonal H1N1 was the observed lack of correlation between the prevalence of resistance and oseltamivir usage [12, 18] . We measured the correlation between the fraction of cases treated with oseltamivir in a city and the simulated fraction of residents infected with influenza who were infected with a resistant strain during a calendar year. In a simulation in which oseltamivir resistance hitchhikes on a fitness-enhancing mutation (c M ¼ 20.024, c R ¼ 0, corresponding to figure 2d), the prevalence of resistant strains in a city was not strongly correlated with the level of oseltamivir usage (R 2 ¼ 0.20 for the first year of the simulation and R 2 ¼ 0.14 for the second with p , 0.01 for both years, figure 3a) .
During the influenza season, our model behaves deterministically, and the fraction of circulating resistant strains may increase when regional conditions favour transmission of the resistant strain (e.g. a high level of drug usage) (figure 3b, see curves for Tokyo and Okinawa). Outside the influenza season, when the number of cases is low in a region, the composition of circulating strains can be strongly influenced by both stochastic fluctuations and importation ( figure 3b,c) . Stochastic fluctuations may cause the prevalence of resistance to increase or decrease dramatically, while importation from passenger air travel allows a city to 'sample' the global proportion of resistant strains. Once the influenza season starts, the exponential transmission of all circulating strains of influenza can stabilize the proportion of resistant strains and 'lock in' the proportion of resistance set by stochastic fluctuations, particularly in small cities (figure 3b, see curves for Bergen and Asunción).
INTERVENTIONS TO SLOW THE SPREAD OF ANTIVIRAL RESISTANCE
One possible strategy for slowing the spread of antiviral-resistant influenza is to target the source, i.e. infected individuals who are taking antivirals. We model this approach by further reducing the infectiousness of individuals taking antivirals by w. This would represent the effects of control measures such as careful isolation of patients or increased adherence to proper hygiene. If the resistant strain is exactly as transmissible as the sensitive strain, then this strategy would slow the spread of resistance (figure 4a). On the other hand, if the drug resistance mutation confers a fitness advantage (i.e. c R , 0), then speed at which the resistant strain spreads would not change, but increased infection control for treated infected individuals might delay the beginning of spread (figure 4b).
DISCUSSION
Our simulations help clarify the forces that were necessary to allow the spread of oseltamivir resistance in seasonal H1N1. A drug-resistant virus would be unable to establish itself if it is even slightly less transmissible than the sensitive virus, and this explains the lack of observed resistance in seasonal H1N1 in the 1990s. However, by 2007, seasonal H1N1 had acquired mutations that eliminated the fitness difference between resistant and sensitive viruses [14] [15] [16] [17] (electronic supplementary material, figure S2 ). Once this occurred, direct selection owing to oseltamivir usage could favour the spread of resistance. However, this selection would have been insufficient to fix resistance as rapidly as observed. Therefore, the selection owing to oseltamivir usage was likely assisted either by another mutation, or by some small additional transmissibility benefit conferred by the resistance mutation itself. In our analyses, we found that mutations that increased transmissibility among untreated individuals were associated with the most rapid increases in drug-resistant influenza, while factors that only accelerated the generation of resistant strains, such as elevated mutation and treatment rates, were associated with slower increases in resistance that was inconsistent with observations. Our results suggest that once established (i.e. present at sufficient levels that stochastic fluctuations would not cause it to go extinct), a drug-resistant strain may spread rapidly during the influenza season, as was observed in Europe [27] . Conversely, the rapid decline in cases at the end of the season can also cause large fluctuations in the proportion of circulating strains. For example, the proportion of resistant strains may increase significantly during the influenza season in a city that treats a large number of cases but the proportion may decline at the end of the season (e.g. Tokyo in figure 3b) . However, Japan, the largest consumer of oseltamivir, may not have had the required background of strains with secondary mutations to compensate for the resistance mutation until 2007 (electronic supplementary material, figure S2) . Although deterministic models can describe the dynamics of strain replacement once new strains become established [28] , the stochastic effects from the seasonality of influenza can drive local patterns of resistance. In fact, any local adaptation of influenza strains may disappear at the end of the season in temperate regions [29] . In addition, the rapid global mixing of influenza strains [30, 31] could reduce the correlation Fixation of drug-resistant influenza D. L. Chao et al. 653 between local rates of resistance and oseltamivir usage. Because regional trends in drug-resistance can be misleading, surveillance must be global.
Influenza must constantly evolve (drift antigenically) in response to intense immune pressure from human hosts, which probably drives the replacement of strains every 2 -8 years [32, 33] . With such frequent selective sweeps, it is perhaps not surprising that traits that have small impacts on viral fitness, such as oseltamivir resistance in seasonal H1N1 or adamantane resistance in seasonal H3N2 [24] , spread so rapidly. Although the model in which a single mutation both conferred antiviral agent resistance, and increased transmissibility could produce results consistent with observations, we believe that it is more likely that hitchhiking on an antigenically drifted strain of flu occurred.
Our findings have implications for predicting the spread of resistance in pandemic influenza (H1N1) 2009. A small fraction of pandemic H1N1 viruses have been found to contain the H274Y mutation [34] . Most of the oseltamivir-resistant isolates were from immunocompromised patients or individuals taking oseltamivir, with only a few reported cases of resistant virus being transmitted in healthy untreated adults [34] . In early seasonal H1N1 isolates (i.e. 1991 and 1999), H274Y led to profound attenuation in experimental models [10, 11] . In contrast, experimental studies of pandemic H1N1 have found that H274Y is associated with only a slight but nonetheless perceptible reduction in viral growth in tissue culture [35] [36] [37] [38] [39] or airborne transmission in animal models [36, 39, 40] . A question has been what such a slight effect on viral fitness might imply for the spread of resistance. Our simulations show that a resistant virus will fail to spread if it is even slightly less transmissible than the sensitive strain (figure 2a). This finding suggests that if H274Y causes even extremely minor attenuation of transmissibility in pandemic H1N1, then it will fail to spread widely without either secondary mutations that remedy the slight defect or adventitious hitchhiking.
To slow the spread of drug-resistant strains of influenza, we suggest increased infection control for treated individuals. This strategy could delay the establishment of resistant versions of currently circulating strains in the general population. However, our model assumes that a random selection of infected individuals are treated with the drug. If those taking antiviral agents are likely to be in contact with others also taking the same drug, such as in a hospital ward, our model's random mixing assumption is violated and the model may under-or overestimate the efficacy of this intervention depending on the clustering of those taking antiviral agents. Once established in a small fraction of the population, the speed at which resistance spreads might depend entirely on its transmissibility relative to other circulating strains, regardless of the level of drug use or infection control. Fortunately, resistancegranting mutations appear to often be detrimental, but the experience with seasonal H1N1 shows that such mutations can still quickly go to fixation given the correct combination of background secondary mutations and adventitious hitchhiking. In these simulations, we assume that all cases in the world have the same probability of treatment. We alter the parameter w, the relative transmissibility of treated infected individuals owing to increased measures to prevent transmission from treated individuals. Note that this parameter affects those infected with either the resistant or sensitive strain. We ran the model for w ¼ 1 (black solid line; no effort is made to reduce transmission from treated cases, black line), w ¼ 0.5 (red dashed line; treated cases are half as transmissible, red line) and w ¼ 0.25 (blue solid line; treated cases are 25% as transmissible, blue line). (b) If only a small fraction of individuals are treated (i.e. levels of oseltamivir use as described in the text) and the resistant strain is 1.7% more transmissible in untreated individuals (c R ¼ 20.017), then reducing infections from treated cases does not appreciably slow the spread of resistant strains.
